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Powders wet-chemically synthesized by the “oxidant-peroxo method” with PbZr05Ti0.5O3
composition were sintered at 1000 and 1100° C for 2 and 4 h, resulting in dense ceramic bodies that
were structurally characterized by Raman scattering spectroscopy and by x-ray diffraction at room
temperature. Their electrical properties(dielectric constant and dielectric loss) were measured in the
temperature range from 25 to 450° C at different current frequencies(1, 10, and 100 kHz).
Microstructures were observed using a scanning electronic microscopy equipped with a x-ray
energy dispersive spectrometer for chemical analysis. It was observed that the sintered bodies show
tetragonal structure, and apparent densities calculated as 90% –94% of the theoretical density.
© 2004 American Institute of Physics. [DOI: 10.1063/1.1765854]
I. INTRODUCTION
Ferroelectric materials with perovskite structure have
been extensively studied because of their technological im-
portance and interesting physical properties. Particularly,
PbZr1−xTixO3 solid-solutions system(thereafter referred as to
PZT) contains several compositions that show different crys-
talline structure.1 For instance, Zr-rich compositions have
been reported as rhombohedral,2 while compositions that are
Ti-rich show tetragonal structure.3 The main application of
PZT, however, has been observed with compositions close to
the morphotropic phase boundarysMPBd, which occurs near
to the composition ofx=0.48, and its width depends strongly
on the synthetic method used.1 Recently, Camargo and
Kakihana4 developed a synthetic route called the “oxidant-
peroxo method”, sometimes referred simply by the acronym
OPM. This wet-chemical method of synthesis is character-
ized by the fundamental oxy-reduction reaction between
Pbsll d ions and some water soluble peroxocomplexes that
lead to the formation of an amorphous and highly reactive
precipitate free of any common contaminants usually found
in materials synthesized by others chemical routes, such as
halides or graphitic carbon formed from the decomposition
of organic material. Since the precipitate is formed by a
molecular-level mechanism, its composition can be effi-
ciently controlled. Moreover, it was demonstrated that the
crystallization temperature is below than those reported for
this and similar systems synthesized by solid state reaction or
different sol-gel routes even.4–8
In spite of the evident advantages of the powders syn-
thesized by the OPM route, there are no any other reports in
the scientific and technical literature regarding the electrical
properties of dense ceramic bodies of materials obtained by
the OPM route. Therefore, we decided to prepare
PbZr0.5Ti0.5O3 powders and subjected the sintered bodies to
an extensive characterization of their structure, microstruc-
ture and dielectric properties.
II. EXPERIMENTAL PROCEDURE
Amorphous precipitate with mole ratiosPb:Zr:Ti
=2:1:1d was synthesized by the OPM route, as described in
details by Camargo and Kakihana elsewhere.5 The amor-
phous powders obtained were ground and calcined at 700° C
for 2 h. Amounts of approximately 0.25 g of the
PbZr0.5Ti0.5O3 calcined powder were isostatically pressed at
230 MPa to form cylindrical pellets with a diameter of 10
and 1 mm of thickness. The formed samples were immersed
in the same PZT powder to avoid any lead loss and sintered
(inside closed alumina boats) at 1000° C for 2 and 4 h and at
1100° C for 2 h with heating and cooling rates of 10° C per
minute. All of the powders(amorphous and heat treated) and
sintered bodies were characterized at room temperature by
Fourier transform Raman spectroscopy(FT-Raman Bruker
RFS 100/S) using the 1063 nm line of a yttrium aluminium
garnet laser, and by x-ray powder diffractometry(XRD) us-
ing the Cu Ka radiation(Rigaku D/MAX 200, with a rotary
anode operating at 150 kV and 40 mA) in the 2u range from
10 to 80° with step scan of 0.02°. For the electric measure-
ments, silver contacts were deposited on the samples sur-
faces that were fired at 300° C for 20 min. The dielectric
constants«d and dielectric losstan dd were measured versus
the applied frequency in the range from 100 to
1 MHzs25° Cd using a HP 4192A at room temperature, and
measured versus the temperature between 25 and 450° C
during heating at different frequencies(1, 10, and 100 KHz)
using a Keithley 3330sLCZd meter. Microstructures werea)Electronic mail: camargo@liec.ufscar.br
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observed using a scanning electronic microscopysSEMd
sZeiss 5000d equipped with a x-ray energy dispersive spec-
trometer for chemical analysis.
III. RESULTS AND DISCUSSION
A. Structure and microstructure
Since the classical book of Jaffeet al.,9 it is well known
that compositions of PbZr1−xTixO3 close to the MPB(which
occurs near tox=0.48) can show the presence of two differ-
ent structural phases in equilibrium, the Ti-rich tetragonal
and the Zr-rich rhombohedral. Several authors have reported
the synthesis of PZT by a large number of techniques, but
they were Camargo et al.5 who first synthesized
PbZr0.6Ti0.4O3 by the OPM route demonstrating the feasibil-
ity of this wet-chemical method to prepare PZT powders.
They reported that for Zr-rich compositions, a mixture of
approximately 50% to 50% of tetragonal and rhombohedral
phases are observed in the powders calcined up to 800° C,
decreasing the amount of the tetragonal phase with increas-
ing the calcination temperature. From these results, one can
properly conclude that 800° C is a critical temperature for
the synthesis of Zr-rich PZT by the OPM route. In this study,
we choose the strategic composition PbZr0.5Ti0.5O3 instead
of a Zr-rich composition, therefore in the expected tetragonal
region but sufficiently near to the MPB to help us to compare
these results with those already published for PZT systems
synthesized by different techniques.
Figure 1 shows(a) the XRD pattern and(b) the Raman
spectrum of the PbZr0.5Ti0.5O3 powder calcined at 700° C
for 2 h (thereafter referred as to S700-2). The rhombohedral
crystalline phase could be identified and all of its diffraction
peaks assigned in the XRD pattern. However because of the
broadening of the diffraction peaks, it is impossible to con-
firm the absence of the tetragonal phase. This broadening
may result from the nanometric size of particles that are usu-
ally obtained when powders are synthesized by the OPM
route.4–7 It is possible to observe in the Raman spectrum the
presence of a shoulder at approximately 320 cm−1 that is
marked by a full triangle and indicates the presence of the
tetragonal phase3,5 in agreement with the previously reported
result on PZT synthesized by the OPM when it was pointed
out that a mixture of two phases is observed at temperatures
lower than 800° C in powders synthesized by the OPM
route.5
Usually, one can expect that by the use of a wet-
chemical method, only a single phase should be exclusively
obtained. However, it has been observed in the PZT system
that small fluctuations in the chemical composition at very
low scale are possible, often one composition for each par-
ticle formed, when the particles are formed by a molecular
level reaction, resulting in the formation of micro regions
rich in Zr and others rich in Ti, although the average Zr/Ti
ratio is exactly the theoretical composition. These particles
with different compositions crystallize in different structure
following the well-known phase diagram. But, as observed,
it is evident the existence of a critical temperature(n ar to
800° C) that allows the interdiffusion of the elements be-
tween the microregions with different crystalline phases, re-
sulting in a final uniform composition and a unique crystal-
line phase. This phenomena is not easily observed when
solid-state reaction is used mainly because of the longer cal-
cination times preformed at high temperatures, and because
of the mechanism is essentially different than those found in
wet-chemically synthesized powders.
The XRD patterns of the ceramic bodies sintered at dif-
ferent conditions are shown in the Fig. 2, where it is clearly
observed that all of the three patterns are similar regarding
the identification of the tetragonal crystalline phase and the
cell parameters calculated. The peaks of the tetragonal PZT
phase are marked on the top of the pattern(c) of the sample
sintered at 1100° C for 2 h(referred as to S1100-2, follow-
ing our notation system). The cell parameters were calcu-
lated as(a=0.40275 andc=0.41442 nm) using the Treor90
software build in the powder x-ray data analysis system.10
These sintered samples were also subjected to Raman spec-
troscopic analysis, and their normalized spectrasb–dd are
shown in Fig. 3. For sake of comparison, the spectrum(a) of
the S700-2 sample is also presented. In this figure, it is pos-
sible to observe that all of the three spectrasb–dd of the
sintered samples with tetragonal phase show exactly the
same feature. However, when they are compared with the
spectrum(a) of Fig. 3 (sample S700-2), small differences
FIG. 1. (a) Diffraction pattern and(b) FT-Raman spectrum of the powder
calcined at 700° C for 2 h.
FIG. 2. XRD patterns of the ceramic bodies sintered at(a) 1000° C for 2 h,
(b) 1000° C for 4 h, and(c) 1100° C for 2 h.
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can be identified. These differences can be expressed in
terms of the presence of the tetragonal and rhombehedral
phases in the sample S700-2. On the other hand, the Fig. 4
shows the deconvoluted spectrum of the sample S1100-2
using 14 Voigt functions3 and their respective values of
maximum intensity position(center), full width at half height
and normalized intensity(amplitude). This result indicates
that pure PZT tetragonal was obtained after the sintering.
The microstructure of the fractured surface of the sintered
PZT bodies S1000-2(image a) and S1100-2(image b) are
shown in the Fig. 5. A high degree of densification with
fairly uniform grain sizes in the range from 1 to 2mm can
be observed in the Fig. 4(a), despite the fact that the apparent
density of the PZT ceramics(S1000-2, S1000-4, and
S1100-2) were measured as 90% –94% of theoretical, ob-
tained by the ratio between the density of the singlecrystal
and the geometrical density of the sintered bodies. The
sample S1100-2 on the other hand[Fig. 4(b)], has bigger
grain sizess2–6 mmd, a less uniform grain size distribution
and an apparent bigger porosity, which we believe to might
have contributed to the decrease in the dielectric constant, as
discussed further.
B. Electric and dielectric properties
The dielectric constants at the frequency of 1 kHz of the
samples S1000-2, S1000-4, and S1100-2 were 908, 855,
680, respectively, and the dissipation factor was about of
0.01 for all of the samples. No remarkable dispersion was
observed at frequency up to 1 MHz, indicating the good
quality of these ceramics. The dielectric constant and the
dissipation factor as function of the frequency applied at
room temperature are illustrated in the Fig. 6. It should be
observed that the dielectric constant of the sample sintered at
high temperature(S1100-2) is lower than that of those ob-
served for the samples sintered at lower temperature
(S1000-2 and S1000-4), which can be explained if some
PbO loss occurred.
The bulk dielectric constants measured as function of the
temperature at three different frequencies(1, 10, and
100 kHz) are shown in Fig. 7. It can be observed that the
temperature of maximum dielectric constant is the same for
the different frequencies, that is, no shift is observed for the
peaks of the Fig. 7. Such behavior indicates that, in spite of
a phase transition being relatively diffuse, the PZT samples
synthesized by the OPM route do not show relaxor behavior.
The Curie temperature was measured as approximately
394° C consistent with the value of 396° C reported in the
literature for the PbZr0.5Ti0.5O3 composition.
11,12
A normal ferroelectric material follows the well-known
Curie-Weiss law in the vicinity of the transiton
temperature.13 In addition, the order of the ferroelectric to
FIG. 3. Raman spectra of the ceramic bodies sintered at(a) 1000° C for
2 h, (b) 1000° C for 4 h, and(c) 1100° C for 2 h.
FIG. 4. Deconvoluted Raman spectrum of the sample S1100-4.
FIG. 5. SEM images of sintered bodied for 2 h at(left) 1000° C and(right)
at 1100° C.
J. Appl. Phys., Vol. 96, No. 4, 15 August 2004 Camargo et al. 2171
Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
paraelectric phase transition can be determined from the de-
pendence of the temperature with the inverse of the dielectric
constant inverse. When the Currie-Weiss temperaturesTod is
smaller than phase transition temperaturesTcd a first-order
transition is observed, whilst a second-order transition is ob-
served whensTo=Tcd.
14 Figure 8 shows the temperature be-
havior of the inverse of the dielectric constant at 10 KHz for
the S1000-4 sample. The dielectric stiffness was fitted at a
narrow temperature range near to the ferroelectric to
paraelectric phase transition temperaturesTcd. The Curie-
Weiss temperaturesTo=363° Cd calculated is lower than the
transition temperature obtained previously(Curie Tempera-
turesTc=394° Cd indicating a first-order phase transition be-
tween the paraelectric and ferroelectric phases. There is an
empirical relationship for the Curie-Weiss law that describes
the diffuseness of the phase transition.15 For a sharp transi-
tion, the critical exponent should be the unitsg=1d whilst for
a diffuse transition it lies in the ranges1,gø2d.16 By fitting
the experimental data(Fig. 8), the parameter was calculated
asg=1.53.
IV. CONCLUSION
Despite the fact that the sintering conditions need to be
studied regarding their optimization, it was clearly demon-
strated that the powders synthesized by the OPM can be used
to obtain dense ceramics of PZT. The ceramic bodies with
composition PbZr0.5Ti0.5O3 resulted in tetragonal crystalline
phase when sintered at temperatures higher than 1000° C, as
confirmed by XRD and Raman spectroscopy. Moreover, the
electric and dielectric properties are consistent with those
reported for the same system but synthesized by others meth-
ods.
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